The prevalence of eating disorders and obesity in western societies is epidemic and increasing in severity. Preclinical research has focused on the development of animal models that can mimic the maladaptive patterns of food intake observed in certain forms of eating disorders and obesity. This study was aimed at characterizing a recently established model of palatable diet alternation in female rats. For this purpose, females rats were fed either continuously with a regular chow diet (Chow/Chow) or intermittently with a regular chow diet for 2 days and a palatable, high-sucrose diet for 1 day (Chow/Palatable). Following diet cycling, rats were administered rimonabant (0, 0.3, 1, 3 mg/kg intraperitoneally) during access to either palatable diet or chow diet and were assessed for food intake and body weight. Finally, rats were pretreated with rimonabant (0, 3 mg/kg, intraperitoneally) and tested in the elevated plus maze during withdrawal from the palatable diet. Female rats with alternating access to palatable food cycled their intake, overeating during access to the palatable diet and undereating upon returning to the regular chow diet. Rimonabant treatment resulted in increased chow hypophagia and anxiety-like behavior in Chow/ Palatable rats. No effect of drug treatment was observed on the compulsive eating of palatable food in the diet-cycled rats. The results of this study suggest that withdrawal from alternating access to the palatable diet makes individuals vulnerable to the anxiogenic effects of rimonabant and provides etiological factors potentially responsible for the emergence of severe psychiatric side-effects following rimonabant treatment in obese patients. Behavioural Pharmacology 25: [609][610][611][612][613][614][615][616][617] Rimonabant (0, 0.3, 1, 3 mg/kg, intraperitoneally, −30 min) was administered at the onset of either the P or the C phase, in a within-subject Latin square design. Effects of intermittent, extended access to a palatable diet (P) on food intake during the first hour of the P phase (when Chow/Palatable rats are fed the sugary, palatable diet) in female Wistar rats (N = 20). Data represent mean SEM. *P < 0.05, ***P < 0.001, relative to the Chow/ Chow group. Shortened diet cycling in female rats Blasio et al. 613
Introduction
The prevalence of eating disorders and obesity in western societies is epidemic and increasing in severity. One of the recognized causes for pathological overeating is the increased availability of palatable, calorie-dense foods that are high in fats and refined sugars, which are more rewarding than low-calorie foods. Individuals who repeatedly try to abstain from obesogenic foods by switching to safer, low-energy alternatives ultimately crave highly palatable foods, relapse, and binge eat (Polivy and Herman, 1985) . Vicious circles of abstinence and uncontrollable eating of palatable food have been proposed to share similarities with the intoxication/ withdrawal cycles observed in drug addiction (Corwin and Grigson, 2009; Cottone et al., 2012) .
In recent years, preclinical research has focused on the development of animal models that can mimic the maladaptive patterns of food intake observed in certain forms of disordered eating. A widely accepted approach to induce overeating is to provide intermittent access to highly palatable diets in free-fed experimental animals (Hagan and Moss, 1997; Avena et al., 2006; Cifani et al., 2009; Cottone et al., 2009b; Corwin et al., 2011; Parylak et al., 2012; Velazquez-Sanchez et al., 2014) . This strategy allows the development of the excessive intake of highly palatable food and undereating of safer alternatives. It is based on the relative palatability of the different diets provided to animals rather than on energy-homeostasis alterations induced by food restriction.
In an effort to better understand the etiological factors of maladaptive feeding behavior, we have recently developed a model of diet alternation in male Wistar rats that is characterized by short 3-day cycles of access to differentially rewarding diets (Dore et al., 2013b) . In this procedure, subjects quickly escalated food intake and increased body weight gain when intermittently fed the palatable diet for 1 day. The palatable diet was cyclically withdrawn for 2 days and replaced with a regular chow diet, during which period male rats developed spontaneous and progressively increasing hypophagia and body weight loss (Dore et al., 2013b) .
Whether female rats under a shortened palatable diet cycling procedure would show a maladaptive feeding behavior is currently unknown. The female sex is generally under-represented in preclinical research, limiting the study of eating disorders, which have been extensively documented to occur to a greater extent among women compared with men (Oakley Browne et al., 2006; Hudson et al., 2007; Hay et al., 2008; Preti et al., 2009) . Indeed, women show earlier onsets of eating disorders (Kessler et al., 2013) and worse outcomes compared with men (Stoving et al., 2011) .
Therefore, the first aim of this study was to characterize a shortened model of diet alternation in female rats. For this purpose, we monitored food intake, body weight, and anxiety-like behavior in female rats that received cycles of 2 days of access to a regular chow diet (C phase), followed by 1 day of access to a highly palatable, sugary diet (P phase).
The endocannabinoid system represents a promising target for the development of novel pharmacological agents that reduce food intake (Di Marzo, 2008; Kirkham, 2009; Berner et al., 2011; DiPatrizio and Piomelli, 2012; Mendez-Diaz et al., 2012) . Antagonism of the type-1 cannabinoid (CB 1 ) receptor has been demonstrated to be a successful pharmacological approach for overeating and obesity. However, the CB 1 receptor antagonist rimonabant, initially approved for the treatment of obesity, was withdrawn from the market shortly after its introduction because of serious psychiatric side effects, including the emergence of a negative emotional affect (Akbas et al., 2009; Moreira et al., 2009) . Therefore, the second aim of our study was to investigate whether the endocannabinoid system plays a role in the consummatory and emotional outcomes of the shortened diet cycling procedure in female rats. For this purpose, we investigated the effects of systemic rimonabant administration on (i) escalated excessive intake of pala- 85-23, revised 1996) and the Principles of Laboratory Animal Care and were approved by the Institutional Animal Care and Use Committees of Boston University.
Development of a shortened, ad-libitum palatable diet alternation in female rats
A procedure involving intermittent, extended access to a palatable diet in female rats was performed using a protocol described previously in male rats only (Dore et al., 2013b) and shortened from previous protocols (Cottone et al., 2008a (Cottone et al., , 2009a (Cottone et al., , 2009b Iemolo et al., 2012) to produce a faster experimental cycling procedure. After 1 week of acclimation, rats were divided into two groups of 10 subjects, matched for food intake, body weight, and feed efficiency from a 3 to 4 days baseline period. One group was then provided a chow diet ('Chow') ad libitum (Chow/Chow), whereas the second group was provided chow ad libitum for 2 days, followed by 1 day of ad-libitum access to a highly palatable, chocolate-flavored, high-sucrose diet ('Palatable'; Chow/Palatable). The chow diet was the above described Harlan Teklad LM-485 Diet 7012. The palatable diet was a nutritionally complete, chocolate-flavored, high-sucrose (50% kcal), AIN-76A-based diet that is comparable in macronutrient proportions and energy density to the chow diet [chocolate-flavored Formula 5TUL: 66.7% (kcal) carbohydrate, 12.7% fat, 20.6% protein, metabolizable energy 344 cal/100 g; TestDiet, Richmond, Indiana, USA; formulated as 45 mg precision food pellets to increase its preferredness]. For brevity, the first 2 days (chow only) and the following 1 day (chow or palatable according to the experimental group) are referred to in all experiments as phases C and P, respectively. Diets were never concurrently available. Food intake and body weight were measured daily. The average food intake was calculated as the kcal intake in a certain phase divided by the number of days in that phase (2 days for phase C, 1 day for phase P). The average body weight change was calculated as the difference between the body weight at the end of a phase and that at the beginning of a phase divided by the number of days in that phase (2 days for phase C, 1 day for phase P). The average and cumulative feed efficiency was calculated as mg body weight gained in a certain time interval (phase or cycle) divided by the kcal food intake in the same time interval. Cumulative food intake and cumulative body weight gain were calculated as the kcal food intake and body weight gained, respectively, at the end of each cycle from the beginning of the study. To evaluate the escalation in palatable diet intake, food intake was measured 1 h after the diet switch at the beginning of each P phase. For the time course studies, food intake was measured at the beginning of either the C or the P phase (at the time of the diet switch), and then 1, 3, 6, and 24 h later. As previously published (Cottone et al., 2008a (Cottone et al., , 2009a (Cottone et al., , 2009b ) the 5TUL Chocolate Diet (sugary palatable diet) was uniformly preferred compared with the Harlan LM-485 chow diet.
Effects of rimonabant on intake of regular chow and palatable diet
Rats were then provided with a preweighed amount of food, and intake was recorded 1, 3, and 24 h later. Body weights were recorded immediately before and 24 h after drug administration.
Effects of rimonabant on anxiety-like behavior
The elevated plus maze apparatus (Cottone et al., 2007 (Cottone et al., , 2008b Dore et al., 2013a) was made of black Plexiglas and consisted of four arms (50 cm long, 10 cm wide). Two arms had 40-cm-high dark walls (enclosed arms), and two arms had 0.5-cm-high ledges (open arms). The maze was elevated to a height of 50 cm. Open arms received 1.5-2.0 lux of illumination. Animals were habituated to the anteroom the day before testing. On the day of testing, rats were kept in the quiet, dark anteroom for at least 2 h before testing. White noise (70 dB) was present throughout habituation and testing. For testing anxietylike behavior induced by withdrawal from spontaneous palatable food, rats were placed individually onto the center of the maze facing a closed arm and were then removed after a 5-min period. The primary measures were the percentage of total arm time directed toward the open arms [i.e. 100 × open arm/(open arm + closed arm)], a validated index of anxiety-related behavior (Fernandes and File, 1996) , and the number of closed-arm entries, a specific index of locomotor activity (Cruz et al., 1994) . During the 12th cycle, Chow/Palatable rats were tested in a between-subjects design 5 h after the switch from the palatable diet to chow. The elevated plus maze test was repeated after 26 cycles of diet alternation, 5 h after the switch from the palatable diet to chow. Allowing 3 weeks or more before retesting prevents an increase in the time spent in the open arms (Adamec and Shallow, 2000; Adamec et al., 2005; Walf and Frye, 2007) . During this second assessment, subjects were pretreated with rimonabant (0, 3 mg/kg, intraperitoneally, −30 min). Chow/ Chow control rats were tested concurrently in a betweensubjects design. Chow diet was available ad libitum until the time of testing.
was synthesized as reported previously (Aggarwal et al., 2008) ; it was solubilized in an 18 : 1 : 1 mixture of saline : ethanol : cremophor and administered intraperitoneally (0, 0.3, 1, 3 mg/kg, 1 ml/kg, 30 min before treatment).
Statistical analysis
The average daily food intake, the average daily body weight change, and the average daily feed efficiency were analyzed using three-way mixed analyses of variance (ANOVAs), with diet schedule [the schedule of food access, either continuous access to chow (Chow/ Chow) or alternating access to chow and palatable diet (Chow/Palatable)] as a between-subject factor, and phase [each period of 2 days (phase C, chow only) or 1 day (chow or palatable according to the experimental group)] and cycle (a 3-day period consisting of a C and a P phase) as within-subject factors. Intake in the first hour of palatable food, cumulative food intake, cumulative body weight change, and cumulative feed efficiency were analyzed using two-way ANOVAs with diet schedule as a between-subject factor and cycle as a within-subject factor. To analyze the time course of ingestion following rimonabant treatment, three-way ANOVAs on incremental food intake were carried out, with diet schedule as a between-subject factor, and time (time points at which food intake was recorded) and treatment (doses of the drug) as within-subject factors. The effects of rimonabant on the percentage of time spent in the open arms and the closed-arm entries were analyzed using two-way ANOVAs, with diet schedule and treatment as between-subject factors. Pairwise effects were interpreted using Fisher's least significant difference tests. The software/graphic packages used were Systat 12.0, SigmaPlot 11.0 (Systat Software Inc., Chicago, Illinois, USA), InStat 3.0 (GraphPad, San Diego, California, USA), and Statistica 7.0 (Statsoft Inc., Tulsa, Oklahoma, USA).
Results
Effects of diet alternation on food intake, body weight, and feed efficiency Alternating access to palatable food altered the daily food intake in a diet-specific manner [cycle × diet phase × diet schedule: F(7,126) = 8.66, P < 0.001; Fig. 1a ]. Following the first access to the palatable food, the Chow/Palatable group started to overeat [t(18) = 4.62, P < 0.001], whereas the first withdrawal from palatable food induced significant hypophagia compared with control intake [t(18) = 3.66, P < 0.02]. Similarly to that observed in male rats (Dore et al., 2013b) , female rats with alternating access to food cycled their intake, overeating during access to the palatable diet and undereating upon returning to the regular chow diet. Both overeating and hypophagia progressively increased in magnitude as a function of the number of cycles. The magnitude of overeating in the Chow/Palatable group during the P phases (+ 213.03 kcal, 38.92% relative to the Chow/Chow group during the 1-day P phase across eight cycles) was not significantly different from the hypophagia of the regular chow during the C phases (− 200.94 kcal, − 18.86% relative Chow/Chow group during the 2-day C phase across eight cycles), resulting in no significant difference in the cumulative energy intake between the two groups [diet schedule: F(1,18) = 0.34, NS; cycle × diet schedule: F(7,126) = 0.04, NS; Fig. 1b ]. In addition, the Chow/Palatable group cycled their body weight and feed efficiency [average body weight gain cycle × diet phase × diet schedule: F(7,126) = 6.52, P < 0.001; average feed efficiency cycle × diet phase × diet schedule: F(7,126) = 6.20 P < 0.001; Fig. 1c and 1e ]. Beginning on Shortened diet cycling in female rats Blasio et al. 611 the third access to palatable food and until the eighth cycle, Chow/Palatable rats gained significantly more body weight compared with control Chow/Chow rats. In addition, Chow/Palatable rats started losing absolute body weight at the beginning of the fifth cycle. Finally, analysis of cumulative body weight [diet schedule: F(1,18) = 1.81, NS; cycle × diet schedule: F(7,126) = 1.64, NS; Fig. 1d ] and cumulative efficiency [diet schedule: F(1,18) = 0.64, NS; cycle × diet schedule: F(7,126) = 0.79, NS; Fig. 1f ] did not show any significant difference between groups throughout the eight cycles.
Effects of diet alternation on escalation of palatable food consumption Figure 2 shows the effects of diet alternation on food intake during the first hour of access to the palatable diet. The Chow/Palatable group progressively and markedly escalated the intake of the palatable diet during the first hour of access, as a function of the number of cycles [cycle × diet schedule: F(7,126) = 6.88, P < 0.001]. The intake of diet-cycled rats became significantly higher than the intake of chow in control rats, starting from the first palatable diet access; by the seventh access, the Chow/Palatable group was able to consume ∼5.0-fold the intake of Chow/Chow rats [M SEM: 22.7 2.5 vs. 4.9 1.1 kcal, respectively; t(18) = 6.65, P < 0.001]. This escalation was experience-dependent, as suggested by the strong fit with the sigmoidal associative learning curve (M SEM: min., 6.7 1.7; max., 22.4 2.6, ET 50 : 2.9 0.6, Hill slope: 2.5 1.3, r 2 = 0.93, P < 0.001). Two-way ANOVA revealed that the anorectic effect of rimonabant lasted up to 24 h [dose: F(3,54) = 7.08, P < 0.001; Fig. 4a ]; however, at this time point, drug treatment was selective for Chow/Chow control rats, as it did not affect Chow/Palatable food intake. Similar results were obtained when body weight gain was analyzed [dose: F(3,54) = 3.28, P < 0.05; Fig. 4b ].
Effects of rimonabant treatment on food intake and body weight

Effects of diet alternation and rimonabant treatment on anxiety-like behavior
Chow/Palatable rats were first tested for spontaneous anxiety-like behavior induced by palatable food withdrawal during the first day of the C phase of the 12th cycle. As shown in Fig. 5a Chow/Palatable rats were also tested for rimonabantinduced anxiety-like behavior later in the cycling procedure, during the first day of the C phase of the 38th cycle. As shown in Fig. 5b, a 
Discussion
The results of the present study show that female rats undergoing the protocol of shortened intermittent access to a palatable diet recently established in our laboratory (Dore et al., 2013b) developed feeding behavior adaptations characterized by cycles of overeating and spontaneous rejection of the otherwise acceptable chow diet. Our results are similar to those observed in significantly longer diet-cycling procedures (Cottone et al., 2009b) . The present findings also show that blockade of CB 1 receptor results in increased anorexia of the regular chow diet in palatable food-withdrawn female rats, without affecting the intake of palatable food. In addition, cycled female rats withdrawn from the palatable diet did not show any sign of spontaneous anxiety-like behavior, but revealed a markedly increased vulnerability to the precipitating anxiogenic effects of CB 1 receptor blockade.
In this study, we show that female rats undergoing the shortened diet alternation procedure show a pattern of spontaneous cycling of food intake, body weight, and feed efficiency, which resembles the food adaptations observed during longer food alternation procedures (Cottone et al., 2009a (Cottone et al., , 2009b Iemolo et al., 2012) . Similarly to that observed in male rats (Dore et al., 2013b) , incremental food intake, body weight, and feed efficiency of female rats markedly cycled across the eight cycles of observation; however, cumulatively, these variables did not differ between groups. This represents a major advantage of the task, as potential energyhomeostasis confounding factors can then be excluded.
In this study, female rats markedly escalated food intake during the first hour of access to the palatable diet throughout the eight cycles of the study. The escalated intake peaked during the seventh access to the palatable diet, during which Chow/Palatable rats ate approximately five-fold the intake of Chow/Chow rats. Interestingly, the intake during the first hour of renewed access increased to a much greater extent (Chow/Palatable first-hour intake as % increase compared with Chow/Chow: cycle 1, ∼ + 100%; cycle 8, ∼ + 378%) compared with the moderate increase in daily palatable food intake (Chow/ Palatable daily intake as % increase compared with Chow/Chow: cycle 1, ∼ + 34%; cycle 8, ∼ + 53%). Therefore, the mechanism behind the escalation of palatable diet intake was mostly induced by a gradual shift of the intake toward the beginning of the renewed access, rather than an overall increase in feeding behavior. 'Escalation' is a phenomenon observed with extended access to many different drugs of abuse, such as cocaine and heroin (Ahmed et al., 2000; Park et al., 2013) . It is believed that escalation toward uncontrolled taking is a key factor in and a hallmark of drug addiction (Koob and Kreek, 2007) .
The spontaneous and progressive undereating of the otherwise acceptable chow diet has been demonstrated to be independent from energy-homeostasis mechanisms (Cottone et al., 2008a) , and it has been proposed to result either from a devaluation process due to the recent experience with the more rewarding alternative (Flaherty and Rowan, 1986; Iemolo et al., 2013) or from the aversive state induced by palatable food withdrawal, similar to that observed with drugs of abuse (Parylak et al., 2011) .
A major difference between the findings of the present study and the results obtained using the same procedure in male rats (Dore et al., 2013b) is related to the intake of palatable food during the first access. Whereas Shortened diet cycling in female rats Blasio et al. 615 diet-cycled female rats significantly overate during the first hour of access to the palatable diet compared with chow control rats, male rats ate similarly to chow-fed rats (Dore et al., 2013b) . A possible explanation for the observed difference could be related to sex differences in neophobia (Cooke et al., 2007) , an adaptive response that protects individuals from the possible harmful postingestive consequences of unfamiliar tastants (Corey, 1978; Birch, 1999 ).
In the present paper, we show that female rats withdrawn from the highly palatable diet did not differ from controls in the percent of open-arm time in the elevated plus maze test. This finding is in contrast to the observation that female rats that underwent an extended diet-cycling procedure showed spontaneous anxiety-like behavior when withdrawn from the highly palatable diet (Cottone et al., 2009b) and suggests that a shorter diet-cycling procedure is not sufficient to produce a spontaneous negative emotional state. However, when palatable foodwithdrawn female rats were systemically treated with rimonabant, a significant anxiogenic-like effect was observed, selectively in diet-cycled rats. Further, rimonabant, administered during withdrawal from palatable food also resulted in increased anorexia during the first hour of treatment .
It is important to highlight that the primary goal of this study was to investigate the negative emotional state during abstinence from a highly palatable diet following rimonabant treatment, rather than possible physical signs of withdrawal (i.e. wet-dog shakes, forepaw flutter, ptosis, etc.) (Gellert and Holtzman, 1978) . The reason behind this choice is that extensive literature has highlighted the contribution of anxiety, irritability, and dysphoria to the addiction process when access to the drug is prevented (Koob and Le Moal, 2001; Koob and Volkow, 2010) . Indeed, it has been argued that the development of such a negative affective state contributes to compulsivity through negative reinforcement mechanisms (Koob and Le Moal, 2001; Koob and Volkow, 2010) . Future studies will be needed to clarify whether rimonabant can also precipitate physical signs of withdrawal when access to palatable food is prevented.
In contrast to that observed with the regular chow diet, when the effects of rimonabant on the overeating of the palatable diet were evaluated, only a nonsignificant trend toward a reduction was observed. This result is consistent with previous observations showing that intermittent access to the palatable diet decreases the effectiveness of the anorectic effects of CB 1 receptor blockade (Parylak et al., 2012; Blasio et al., 2013) . Indeed, treatment with the CB 1 receptor antagonist SR147778 was less effective in reducing binge eating of a sweet fat diet in female rats (Parylak et al., 2012) . Moreover, rimonabant was ineffective in reducing overeating of a palatable diet in female rats that underwent a longer palatable food cycling procedure . In contrast, we have previously shown that when using the same intermittent access procedure as used here in male rats, excessive palatable food intake is blocked with an increased potency compared with chow intake. Therefore, a possible explanation for the divergent effects observed could be the different sex tested, as female rats with intermittent access to palatable food develop overeating, which is generally less sensitive to the anorectic effects of CB 1 receptor blockade.
In summary, we have shown the consummatory and emotional effects of a shortened diet alternation procedure in female rats. The procedure described here in female rats has the advantage of being considerably faster than previously established protocols of palatable diet alternation (Hagan and Moss, 1997; Cifani et al., 2009; Cottone et al., 2009b; Rossetti et al., 2013) . In addition, our results show that withdrawal from alternating access to the palatable diet makes individuals vulnerable to the anxiogenic effects of rimonabant. More generally, our findings support the hypothesis that the emergence of severe psychiatric side-effects following rimonabant treatment in obese patients (Akbas et al., 2009; Moreira et al., 2009 ) could result from a worsening negative emotional state in a subpopulation of individuals abstaining from palatable foods in an attempt to lose weight.
